Introduction {#s1}
============

Vasomotor symptoms, such as hot flashes, sweating, shortness of breath, and pronounced sensitivity to cold, are the most common manifestations experienced by postmenopausal women \[[@r1], [@r2], [@r11], [@r29], [@r30]\]. These symptoms often impact their quality of life. Hormone replacement therapy, particularly estrogen supplementation, is the most widely-accepted and effective intervention for these quality of life symptoms \[[@r1], [@r2], [@r11], [@r29]\].

Among vasomotor symptoms, heightened sensitivity to cold is commonly observed below the normal temperature regime of innocuous cold \[[@r30]\]. Mechanisms of oversensitiveness to cold have not yet been completely resolved. In recent studies, certain transient receptor potential (TRP) cation channel subfamily members have been found to be associated with cold sensitivity \[[@r4], [@r5], [@r7], [@r13], [@r17], [@r18], [@r20],[@r21],[@r22],[@r23], [@r26], [@r32], [@r33]\]. The 28 characterized mammalian TRP channels can be subdivided into six main subfamilies: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), and TRPA (ankyrin) \[[@r22]\]. Among them, TRPA1 and TRPM8 are each activated by cold stimuli \[[@r5], [@r7], [@r22], [@r32]\]. Dorsal root and trigeminal ganglia have cold-sensitive neurons with TRPA1 or TRPM8 \[[@r5], [@r7], [@r18], [@r22], [@r32]\]. TRPA1 and TRPM8 are expressed in the skin and by cutaneous sensory neurons mediated by dorsal root ganglia \[[@r7], [@r17], [@r18]\]. While TRPA1 is activated by noxious cold (\<17°C), TRPM8 is additionally activated by innocuous cold (\<30°C) \[[@r7], [@r9], [@r11], [@r12]\]. In other words, TRPM8 is associated with sensitivity to moderate coldness (8--28°C) \[[@r22]\]. The TRPM 8 channel may be overexpressed in the dermis of postmenopausal women who exhibit symptoms of oversensitivity to cold.

Noguchi *et al.* \[[@r23]\] reported that TRPM8 channel protein and mRNA in the skin of ovariectomized (OVX) rats were overexpressed and that cold stress induced detrusor overactivity \[[@r13], [@r23]\] in such rats accompanied by a lack of estradiol. They demonstrated that α1-adrenergic receptor blockade inhibited cold stress induced detrusor overactivity. They concluded that cold stress induced detrusor over-activity associated with diminished estrogen is associated with TRPM8 channel overexpression in skin and is mediated via adrenergic nerve pathways. This suggests that oversensitivity to cold in menopausal women, whose blood estradiol levels are low, may be related to overexpression of the TRPM8 channel in skin.

In the present study, we administrated β-estradiol to OVX rats to investigate whether dermal overexpression of TRPM8 was restricted by estrogen replacement.

Materials and Methods {#s2}
=====================

Animals
-------

A total of 15 Sprague Dawley rats at postnatal week 30 were used in the experiments.

All animals were treated in accordance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan) and the rules of the animal experiments committee at Shiga University of Medical Science.

Bilateral ovariectomy
---------------------

The animals were randomly divided into 2 groups, including 10 with bilateral ovariectomy and 5 with no operation (NON-OPE group). The rats undergoing bilateral ovariectomy were anesthetized with 2% isoflurane. A midline incision was made to expose the lower abdominal cavity. In the OVX + E2 group, 5 rats were administered 5 *µ*g/kg/day β-estradiol by means of subcutaneous injection during 4 weeks beginning on postoperative day 7. We used fat-soluble β estradiol (β-Estradiol≥98%, Sigma-Aldrich, Tokyo, Japan) dissolved in corn oil (Corn oil delivery vehicle®, Sigma-Aldrich, Tokyo, Japan) to 100 *µ*g/ml. The remaining 5 OVX rats were not administered β-estradiol (OVX group). All animals were maintained for 5 weeks on a 12-h alternating light-dark cycle with free access to food and water. Five weeks later, we collected blood from the tail veins of all 15 rats 6 h after the final E2 injection to the OVX + E2 group. Serum estradiol levels were determined at a commercial laboratory (SRL, Tokyo, Japan). Approximately 2 cm^2^ lumbar skin portions were harvested with all animals under anesthesia. After sampling blood and lumbar skin, we culled the 15 rats by an intraperitoneal injection of pentobarbital at 100 mg/kg.

Real-time RT-PCR
----------------

For real-time RT-PCR, harvested lumbar skin pieces were homogenized in PBS, and total RNA was extracted with an RNeasy MinElute Spin Column® (Qiagen, Hilden, Germany). cDNA was synthesized by total RNA using PrimeScript RT Master Mix® (Takara Bio, Kusatsu, Japan). To determine mRNA expression levels, real-time RT-PCR of the cDNA was performed with a *Trpm8* primer for the TRPM8 channel gene ([Table 1](#tbl_001){ref-type="table"}Table 1.Sequences of primers used for real-time RT-PCR assaysGeneForward primer (5'--3')Reverse primer (5'--3')*Trpm8*GCAGTGGTACATGAACGGAGTTGAAGAGTGAAGCCGGAATAC*Gapdh*AAATCCCATCACCATCTTCCAAATGAGCCCCAGCCTTCTC, Takara Bio, Kusatsu, Japan) and a *Gapdh* primer for the GAPDH gene ([Table 1](#tbl_001){ref-type="table"}, Takara Bio, Kusatsu, Japan), which served as an internal amplification control, using a LightCycler 480 SYBR Green 1 Master Kit® (Roche, Tokyo, Japan). The reaction conditions were as follows: 50°C for 2 min and then 95°C for 5 min, followed by 60 cycles at 95°C for 10 s, 55°C for 15 s, and 72°C for 10 s. Gene activity was expressed as the ratio to the internal standard gene *Gapdh*.

Protein ELISA
-------------

Lumbar skin pieces were homogenized in PBS, and total protein was extracted. TRPM8 protein level was estimated with the use of a TRPM8 ELISA kit (ELISA 121416®, My Bio Source, San Diego, CA, USA). Optical absorbance at 450 nm was measured using a spectrophotometer (NanoDrop 1000®, SCRUM, Tokyo, Japan) and TRPM8 protein levels were calculated from the recorded optical density.

Immunohistochemistry
--------------------

Lumbar skin portions were fixed in 10%-Formaldehyde Neutral Buffer Solution (Wako Pure Chemical Industries, Moriyama, Japan) overnight at 4°C and then embedded in paraffin. Each sample was cut into 3 *µ*m serial sections. Sections were deparaffinized and rehydrated for immunohistochemistry as follows. Sections were subjected to antigen retrieval by boiling in Immunosaver® (Nisshin EM, Tokyo, Japan) for 45 min. The sections were then treated with 10% goat serum (Nichirei bioscience, Tokyo, Japan) for 30 min at room temperature. After rinsing with PBS, the sections were incubated with an anti-TRPM8 antibody (1:500, rabbit polyclonal, Novus Biologicals, Littleton, CO, USA) and anti-PGP9.5 antibody (1:500, mouse polyclonal, Abcam, Tokyo, Japan) overnight at 4°C. We used PGP9.5 as a pan-neuronal marker. After rinsing with PBS containing 0.03% Tween 20 (PBS-T), the sections were incubated with an Alexa Fluor 594-labelled donkey anti-rabbit IgG secondary antibody, Alexa Fluor 488-labelled donkey anti-mouse IgG secondary antibody, and 1 *µ*g/ml DAPI (Molecular Probes®, Thermo Fisher Scientific, Tokyo, Japan) at room temperature for 1 h. Slides were coated with Fluorescent Mounting Medium (Prolong Diamond®, Thermo Fisher Scientific, Tokyo, Japan) and observed with a confocal laser-scanning microscope (FV-1000D IX-81®, Olympus, Tokyo, Japan).

To quantify the immunohistochemistry data, we adopted a subjective visual scoring system of the red staining and compared results to data arising from tissues obtained from non-operated rats. The scoring levels were as follows: 0 = absence of staining, 1 = weak staining intensity (equal to non-operated tissue), 2 = moderate staining, and 3 = strong staining intensity.

Statistical analysis
--------------------

Results are expressed as the mean ± SEM. Differences between the two groups were estimated by Mann-Whitney U test. Statistical significance for all analyses was set at *P*\<0.05. Data were analyzed using GraphPad Prism® (GraphPad Software, La Jolla, CA, USA).

Results {#s3}
=======

Serum estradiol level
---------------------

The mean serum estradiol levels of the NON-OPE, OVX, and OVX + E2 groups were 36.00 ± 3.77, 22.00 ± 2.32, and 307.4 ± 31.4 pg/ml, respectively. There were statistically significant differences between the mean serum estradiol levels of the NON-OPE and OVX groups (*P*\<0.01, [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Serum estradiol level. NON-OPE: non-operated rats. OVX: ovariectomized rats. OVX + E2: ovariectomizd rats treated for 28 days with 17β-estradiol. There was a significant difference among the mean serum estradiol levels of the NON-OPE, OVX, and OVX + E2 groups (*P*\<0.01).), the OVX and OVX + E2 groups (*P*\<0.01, [Fig. 1](#fig_001){ref-type="fig"}) and the NON-OPE and OVX + E2 groups (*P*\<0.01).

Relative expression of TRPM8 mRNA
---------------------------------

The mean relative expression levels of TRPM8 channel mRNA in the lumbar skin of the NON-OPE, OVX, and OVX + E2 groups were 551 ± 317, 1,945 ± 1,186, and 15.6 ± 13.7, respectively. There were no statistically significant differences between mean relative expression levels of TRPM8 channel mRNA of the NON-OPE and OVX groups (*P*=0.4206\>0.05), the OVX and OVX + E2 groups (*P*=0.0873\>0.05), or the NON-OPE and OVX+E2 groups (*P*=0.5397\>0.05). However, the OVX + E2 cohort exhibited a trend for decreased expression of TRPM8 channel mRNA in comparison with the OVX group (*P*=0.0873, [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Relative expression levels of TRPM8 mRNA. NON-OPE: non-operated rats. OVX: ovariectomized rats. OVX + E2: ovariectomized rats treated for 28 days with 17β-estradiol. The OVX + E2 group showed a trend for decreased expression of TRPM8 channel mRNA in lumbar skin in comparison with the OVX group, although the difference between the two groups did not reach statistical significance (*P*=0.0873\>0.05).).

TRPM8 protein level
-------------------

The mean TRPM8 protein levels in the lumbar skin of the NON-OPE, OVX, and OVX + E2 groups were 1.11 ± 0.07, 1.19 ± 0.07, and 1.06 ± 0.04 ng/ml, respectively. There were no significant differences between the mean TRPM8 protein levels of the NON-OPE and OVX groups (*P*=0.5476\>0.05), the OVX and OVX + E2 groups (*P*=0.3095\>0.05), or the NON-OPE and OVX + E2 groups (*P*=0.4206\>0.05). The OVX + E2 cohort did not show a trend for a decreased TRPM8 protein level in comparison with the OVX group (*P*=0.3095, [Fig. 3](#fig_003){ref-type="fig"}Fig. 3.TRPM8 protein levels. NON-OPE: non-operated rats. OVX: ovariectomized rats. OVX + E2: ovariectomized rats treated for 28 days with 17β-estradiol. There was no statistical difference between mean TRPM8 protein levels in lumbar skin of the OVX and OVX + E2 groups (*P*=0.3095\>0.05).).

Immunohistochemistry
--------------------

TRPM8 channels and PGP9.5-positive nerve fibers in the lumbar skin of the NON-OPE, OVX, and OVX + E2 groups were visualized by immunohistochemistry.

The mean scores for the NON-OPE, OVX, and OVX + E2 groups were 1.4 ± 0.22, 2.2 ± 0.44, and 1.4 ± 0.22, respectively. There were no statistically significant differences between the mean scores of the OVX and OVX + E2 groups (*P*=0.2857\>0.05). Considering the results of this subjective visual assessment, we were unable to conclude that the expression of TRPM8 in the OVX + E2 rats was weaker than that in the OVX rats. However, our qualitative assessment indicated a tendency for a slight reduction of TRPM8 expression in the OVX + E2 group compared with the OVX group ([Figs. 4B and C](#fig_004){ref-type="fig"}Fig. 4.Immunohistochemistry. A. NON-OPE: non-operated rats. B. OVX: ovariectomized rats. C. OVX + E2: ovariectomized rats treated for 28 days with 17β-estradiol. TRPM8 channels and PGP9.5-positive nerve fibers in lumbar skin of NON-OPE, OVX, and OVX + E2 rats were visualized by immunohistochemistry. TRPM8 channels were stained red, and PGP9.5-positive nerve fibers were stained green. Cell nuclei are shown in blue. PGP9.5-positive nerve fibers were scattered in a line at the external side of the epidermal tissues (arrows). Scale bar, 10 *µ*m. Expression of TRPM8 in the OVX rat was greater than in the NON-OPE rat (A, B), whereas expression of TRPM8 in the OVX + E2 rat was lesser than in the OVX rat (B, C).), whereas the expression of TRPM8 in the OVX group was greater than in the NON-OPE group ([Figs. 4A and B](#fig_004){ref-type="fig"}).

Discussion {#s4}
==========

In our study, OVX + E2 rats exhibited a trend for diminished expression of the TRPM8 channel in the lumbar dermis compared with OVX-only animals. This suggests that estrogen replacement restricted the overexpression of TRPM8 in the skin of OVX rats.

Past research involving cold stress-induced detrusor overactivity revealed that the loss of estrogen due to ovariectomy increased expression of TRPM8 channel mRNA and cognate protein in lumbar skin \[[@r23]\]. Other recent studies also showed that OVX rats or mice with a long-term deficiency of estrogen exhibited greater sensitivity to thermal and mechanical stimuli, while estrogen replacement relieved such hyperalgesia \[[@r19], [@r25], [@r27]\]. This suggests that the TRPM8 channel may be overexpressed in dermal layers of postmenopausal women with low estrogen levels, who have symptoms of hypersensitivity to cold, and that estrogen replacement may improve the overexpression of TRPM8 channel mRNA.

The mechanisms of oversensitivity to cold in postmenopausal women are not fully understood. Estradiol dilates blood vessels and increases blood flow by relaxing vascular smooth muscles \[[@r16], [@r24], [@r30]\]. It has also been found that estradiol promotes the generation of nitric oxide (NO), which is an endothelium-derived relaxing factor (EDRF), by endothelial nitric oxide synthase (eNOS) \[[@r16], [@r24]\]. Therefore, it has been proposed that decreased blood flow in peripheral tissues due to reduction in estradiol levels results in cold sensation in postmenopausal women \[[@r30]\].

On the other hand, two recent studies in mice revealed that TRPM8 and TRPA1 play important roles in cold-induced vascular response \[[@r3], [@r28]\]. Johnson *et al.* \[[@r14]\] reported that TRPM8 channels are present in rat arterial vascular smooth muscle and are involved with vasoconstriction and vasodilation. Ding *et al.* \[[@r8]\] reported that Icilin, a TRPM8/TRPA1 agonist, produces a dose-related hyperthermic response mediated by NO production in rats. Furthermore, Pan *et al.* \[[@r25]\] reported that, in rats, TRPM8/TRPA1 promotes oxaliplatin-induced-vasodilation, which is associated with NO metabolites, and this vasodilation is attenuated by 17β-estradiol. Together with these reports, TRPM8 and estradiol seem to be related with mechanisms of thermosensation, involving vascular regulation mediated by NO production. However, the mechanistic basis remains unclear. Further studies are clearly required in this area.

The relationship between TRPM8 and estrogen has also remains unknown. Chodon *et al.* \[[@r4]\] reported the correlation between TRPM8 expression and estrogen receptor (ER) status in breast cancer cells. They found that TRPM8 overexpression was observed in 77.8% of the ERα-positive tumors and in 37.5% of the ERα-negative tumors (*P*\<0.05). This provided evidence of an ER-mediated increase in TRPM8 mRNA expression. Considering their research, estrogen may have increased TRPM8 gene expression in breast cancer cells. The relationship between TRPM8 and estrogen in normal (non-tumor) cells may be different from that in tumor cells.

There are some limitations to our study. First, the number of rats (n=15) was small. This was one reason why we could not gain statistical significance. A study using a larger number of animals is now necessary, although the principles of the 3Rs should be respected from the viewpoint of animal welfare.

Second, in the process of measuring TRPM8 protein levels with the ELISA approach adopted, we intended to extract TRPM8 proteins only from the epidermis; however TPPM8 protein from subcutaneous tissues may nevertheless have been admixed with those from the epidermis. Therefore, we may not have measured exact TRPM8 protein levels in the epidermis of rats. We should have used a microdissection technique. However, admixture could not explain the discrepancy between mRNA expression (a trend of reduced expression) and protein expression (no change), because TRPM8 mRNA, as well as TRPM8 protein, were included in the mixed tissue.

A discrepancy between mRNA and protein is often observed and is frequently due not only to technical difficulties but also to translational control in the literature \[[@r6], [@r10], [@r31], [@r34]\]. In the OVX group, the translation of TRPM8 protein might have been suppressed by some factors, although the transcription of TRPM8 mRNA was overexpressed. On the other hand, the translation level of TRPM8 protein in the OVX + E2 group might have been stabilized in spite of an extremely low level of TRPM8 mRNA. Further research is needed to determine the mechanisms through which TRPM8 is translationally regulated at the gene level.

Third, the serum estradiol level of the OVX + E2 rats was unexpectedly high. We decided on a low dose of 5 *µ*g/kg/day fat-soluble β-estradiol with reference to previous reports \[[@r9], [@r12], [@r15]\]. However, the serum estradiol level of OVX + E2 rats in our study after 28 days of subcutaneous injection of fat-soluble β-estradiol was approximately one-third higher than the predicted value of 100 pg/kg/day. Compared with water soluble β-estradiol, fat-soluble β-estradiol may have been sequestered in the bodies of the rats.

In conclusion, our research showed that β-estradiol restricted the expression of TRPM8 channel mRNA in the OVX rat dermis, while the expression of TRPM8 channel protein was not remarkably changed by β-estradiol. Although statistical significance was not established, trends suggest that estrogen replacement may improve oversensitivity to cold in postmenopausal women.

Conclusions
-----------

β-estradiol may restrict overexpression of TRPM8 in the skin of OVX rats.
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